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Significant progress was made during this reporting period and the 
highlights are summarized below: 

1. Uniformly doped, l-um-thick n-layers with (Np - Na) of 
2x1017 cm73 and U(300) of 4450 cm'/V-s were produced by multiple 2854 
implantation and capless thermal annealing under arsenic overpressure. 

2. Temperature dependence of electrical activation by capless 
annealing under arsenic Ere was studied over a range of 825- 
10009C. For high-dose (21013 cm-2) implants, the electrical activation 
increased with increasing temperature. No significant difference was 
found in the activation of low-dose («1013 cm^2) 28si implants. i 

3. The redistribution of Cr from Cr-doped SI GaAs substrates due f 
to implantation of 285i and subsequent annealing was studied by second- i 
ary ion mass spectrometry (SIMS). The Cr redistribution in thermally 
annealed 28si implants shows a strong dependence on implant dose. No 
significant redistribution was found for doses typically used for FET 
fabrication (2x1012 cm72). At higher dose levels, pulsed-laser-irradi- 
ated samples showed lower Cr redistribution than thermally annealed 
samples. 40 
4. Preliminary studies on Ar implanted samples showed Cr-redis- 
tribution effects similar to that of 2 Si implanted GaAs suggesting tha 
the redistribution is due to implant damage. 

5. The Cr redistribution caused by Ar implantation (decrease in 
Cr concentration) was exploited by 28s1 implantation into suitably 
Ar-bombarded samples. Activation of low-dose implants with high elec- 
tron mobility was achieved. 

6. Nonalloyed ohmic contacts were formed on laser-irradiated GaAs 
using Ti-Pt-Au metallization with good surface morphology.  Double- 
frequency laser beam (A = 1.06 and 0.53 um) was used in the experiment. | 

7. The crystallinity of laser- (or electron beam) irradiated Si- i 
implanted GaAs was studied using reflection high-energy electron 
diffraction (RHEED) analysis. : 28 32 

8. Preliminary studies on co-implant of Si and S into GaAs 
show higher mobilitv and activation when implants were annealed at a 
higher temperature. 

9. Activation of 1-MeV implanted GaAs with peak electron density 
over 1x1019 cm^? was demonstrated by using a high-power sub-bandgap 
Nd:Glass laser (A = 1.06 um). 

10. The successful production of high-quality n-GaAs layers by 
direct implant of 28si into SI GaAs was demonstrated (in a concurrent 
Program) by the fabrication of high-performance GaAs power FETs operat- 
ing up to 26 GHz. 


UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered! 





po 


EMO mere jeu ELSON OP e t 


E FS on 


= 


Rows 


PREFACE 


This annual report describes the research carried out at the Microwave 
Technology Center of RCA Laboratories during the period 15 May 1979 to 30 June 
1980 in a program sponsored by the Office of Naval Research under Contract No. 
N00014-78-C-0367. F. Sterzer is the Center's Director and S. Y. Narayan is 


The Project Scientist is S. G. Liu. Other Members of 
The 


the Project Supervisor. 
the Technical Staff working on the program are C. P. Wu and C. W. Magee. 
Associate Staff contributing to this program are F. Kolondra, S. Jain, and 
F. C. Duigon. S. Manasian of Fusion Energy Corporation, Princeton, NJ, was 
responsible for the Van de Graaff generator used for high-energy implantation. 
J. T. McGinn and J. H. Thomas of RCA Laboratories carried out the RHEED and 


Auger analyses, respectively. 
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SECTION I 


INTRODUCTION 


This report describes our work during the past twelve months on the ONR- 
Jhr 
sponsored program started in May 1978.--The objectives of the, program are: (1) 
studv of high-energv ion implantation of donors into GaAs for multigigabit-rate 


GaAs integrated-circuit development; and (2) annealing of implanted GaAs using 


high-power lasers to remove lattice damage and activate implanted donors. 
The work performed prior to this reporting period was described in a 
previous Annual Report (August 1979, Contract No. N00014-78-C-0367). The 
| highlights of that f eport are summarized to indi a baseline for discussion. QU 
| e de lives investigated implantation of ^ S 285i * nto semi- insulating 4S1) ,7 ii 
GaAs with implant energies ranging from 40 keV to 1.2 MeV,. The pro- 
files and range statistics of 28, i-implanted GaAs were studied using 
secondarv ion mass spectrometrv (SIMS), and based on the information 
obtained, uniformly doped 'vl-um-deep 285i profiles were produced 
in GaAs using multiple implants. 
- (2) -* ——We-haveb»developed a capless thermal annealing process under arsenic 
overpressure which results in high activation efficiency with ex- 
Fa cellent surface morphology, 5 The arsenic overpressure was produced 
^by introducing AsH, and H, into the annealing furnace. 
—  32)-e-- We have'investigated laser-annealing of Si-implanted GaAs using a 
high-power Nd:Glass laser and a ruby laser. Electrical activation 
of high-dose, low-energy («300 keV) implanted samples is many times 
higher in laser-annealed samples than for those thermally annealed: dE 


No activation was obtained in laser-irradiated samples with implant 


doses of less than upper «101? cm ?. 

e We have demonstrated nonalloved ohmic contacts formed by direct 
evaporation of AuGe onto high-dose implanted laser-irradiated GaAs 
surface: «'d ($) ~x $^ ere da t ie, NS, specterast, y, 

e We have'studied impurity distribution infas-implanted, thermally 


annealed, and laser-annealed samples by JSH8,7 The amount of impurity 
redistribution depends on the energy and the dose of implantation 
| and on the energy density of the annealing laser pulse. ~ Substantial 


‘ impurity broadening was observed in the high-dose implanted samples 


irradiated with a high-energy density (2 J/cm?) pulse. Anomalous 





"shoulder broadening" effect was also observed in the SIMS profile 
of thermally annealed, high-dose Si-implanted samples. 

e We have studied optical absorption in Si-implanted GaAs wafers ir- 
radiated with high-power laser pulse. Measurements show that 
implantation-enhanced absorption at a given infrared wavelength 
increases with implant dose. This enhanced absorption is greatly 
reduced following laser irradiation due to lattice reordering. 

e We have studied electrical activation as a function of fluences in 
Si-implanted GaAs capless annealed at a given temperature. The 


carrier concentrations are limited at the high dose to about 3x1018 


16 . -3 
m 


cu”, and at the low dose to about 5x10 c following annealing 


at 825°C for 20 minutes. A threshold dose was observed below which 
the implanted layer was no longer activated, or activated with poor 


mobility. This cutoff dose depends on the substrate characteristics 
and is typically 2x10 !4 a^ for 200-keV implantation. 


+ : 3 
325 in GaAs and its characteristics 


e We have studied implantation of 
following capless annealing. The measured depth distribution of 
electron concentration is broader for S-implanted than for Si- 
implanted GaAs as a result of thermal diffusion during annealing. 
The diffusion coefficient at 825°C for S and Si in GaAs was deduced 


from the electron density profiles (for low dose <10! cn? implant) 
to be 2-5x10 1^ and «10^? 


CI w 
EA ) jnvestiagl 0a wfe en, 3 roo Ne. 


em'/s, respectivelv. 


During this reporting period we continued investigationsjin (1) Si- 
implantation and capless annealing, (2) laser and electron beam annealing, and 
(3) chromium redistribution in implanted and annealed GaAs. Significant prog- 
ress made in these areas during this period includes: 

(1) producing uniformly doped *1-um-deep n-layers at medium doping 

densities with good mobility; 

(2) forming nonalloyed ohmic contacts on laser-irradiated GaAs with 


refractory metallization; 





(3) improving low-dose threshold and mobility using an argon implant- 
gettering technique, which is the outcome of chromium redistribu- i 


tion studies in semi-insulating GaAs substrates. 








Finallv, in a concurrent program, high-performance GaAs power FETs operating 






up to 26 GHz were fabricated using Si-implanted and capless annealed n-lavers 


on semi-insulating substrates. 
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SECTION II 


Si IMPLANTATION AND CAPLESS ANNEALING 


A. INTRODUCTION 


Implantation of 2865 into semi-insulating (SI) GaAs has been investigated 
with implant energies ranging from 40 to 1200 keV (l-3), and fluences between 
1x10? and 5x10P cm. An operationally simple, capless annealing process 
which results in high activation efficiency with good surface morphology has 
been developed. In this section we will describe extended work and results on 
Si-implant and thermal annealing performed during the past twelve months in 


the current program. 


B. MODIFICATION OF MeV-IMPLANTATION SYSTEM - VAN DE GRAAFF MACHINE 


Implantations at energy levels above 500 keV were carried out using the 
Van de Graaff machine that is capable of a mass-energy (atomic mass x energy 
in MeV) product of 933 with the available analyzing magnet. The implant area 
was limited previously to 1 in. by 1 in. square, and some discrepancies had 
been found between the implanted and the measured doses. 

During this program period, a study of the ion beam intensity distribu- 
tion showed a neutral region in the beam. The nonuniformity could account for 
some discrepancies in the fluences observed previously. A test run made with 
a small GaAs sample placed outside the neutral zone proved the system to 
be otherwise operating properly. To solve the implant nonuniformity problem, 
a 4° beam deflection system (''dog-leg') was constructed and installed to 


eliminate the neutral particles in the beam. Furthermore, the target chamber 


1. S. G. Liu, E. C. Douglas, and C. P. Wu, "High-Energy Ion Implantation for 
Multigigabit-Rate GaAs Integrated Circuit," Annual Report, May 15, 1978 
to May 14, 1979, under ONR Contract N00014-78-C-0367. 

2. S. G. Liu, E. C. Douglas, C. P. Wu, C. W. Magee, S. Y. Narayan, S. T. 
Jolly, F. Kolondra, and S. Jain, "Ion Implantation of Sulfur and Sílicon 
in GaAs," RCA Review 41, 227 (1980). 

3. S. G. Liu, E. C. Douglas, C. W. Magee, F. Kolondra, and S. Jain, "High- 
Energy Implantation of Si in GaAs," Appl. Phys. Lett. 37, 79 (1980). 
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for the high-energy implant system was redesigned and constructed to increase 
the implant area from 7.56 cu? (square) to 13.07 cn? (circular, 4.08 cm in 
diameter). The ion beam intensity distribution was retested (by producing an 
image on paper) after the modifications, and it indeed showed a uniform dis- 
tribution over a circular area of v4 cm in diameter. SIMS profiles of a 1-MeV 
Si-implanted GaAs wafer before and after thermal annealing are shown in Fig. 1. 
No Si redistribution was detected after capless annealing under arsenic pressure 


at 825?C for 20 min. 


1MeV Si--»GaAe, Sx10'5at/om' 
T EE 
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Figure 1. Impurity profiles of Si-implanted GaAs before and 
after thermal annealing at 825?C for 20 min. 


Another modification was made to the high-energy implant system so that 
the system is capable of handling four different ion sources. Argon has been 
successfully implanted into GaAs at 750 keV in addition to implantation of 
2861. Results of 404, implantation are presented later in this section and 


in Section IV. 


C. NEW THERMAL ANNEALING SYSTEM 


Capless anneal of implanted GaAs is done under arsenic overpressure in an 


open quartz tube. The arsenic overpressure is maintained by using a flow of 





AsH, and Ha. The temperature was limited to *850?C in the system used pre- 
viously. During this program period, a new annealing furnace was installed. 
The system allows much larger wafers (vl-1/2 in. diameter) to be annealed at a 
higher temperature (^1000?C) than previously and is a much cleaner system 
since it is used solely for annealing purposes. The wafer had a very clear 
surface after annealing and the activation was similar to wafers annealed in 


the older furnace. 


D. MULTIPLE IMPLANTATIONS - DOPING PROFILE CONTROL 


The profiles and range statistics of 285i implants in GaAs from 40 to 
1200 keV have been analyzed using secondary ion-mass spectrometry (SIMS). The 
measured profiles are noticeably skewed and have been fitted using the first- l 
four-moment Pearson technique [4,5]. Figure 2 shows reduction of the data to 
Rb and AR values corresponding to LSS Gaussian reduction techniques and 
first-four-moment Pearson techniques. Based on the information obtained, a 
^1x101? cm? 


[1-3] in GaAs using multiple implants. Figure 3 shows the electron density 


doped, *1-um-deep electron density profile has been produced 


profile measured by differential C-V technique in conjunction with layer 
removal controlled by chemical etching. An experimentally measured SIMS 
profile and its corresponding calculated profile were included for comparison. 
The wafer (H23) used for comparison had implant doses two orders of magnitude 
higher than the one used for electron density profile measurement. 

During this program period, we further produced implanted n-layers with 
controlled electron density profiles to meet the requirement of device (MESFET) 
fabrication. Based on the range and straggle data deduced from the SIMS pro- 
files made on Si-implanted GaAs samples, we designed multiple implantation 
profiles to produce (a) a flat 0.6- to 1.1-pm-thick n-layer at an electron H 


17 , 2 


density of *10 '/cm' and (b) a high/low (n*-n) profile which has an n'-laver 


at the surface followed bv the n-active laver. The n*-layer is to facilitate 
good ohmic contacts. A computer program was used for the design. Table 1 shows 
the calculated implant conditions using four implants for achieving flat and 


n'-n profiles, respectively, at an impurity concentration level of 1.5x101? cm. 


4. M. G. Kendall and A. Stuart, The Advanced Theory of Statistics, 
(Charles Griffin, London, 1958), Vol. 1, p. 148. 


5. W. P. Elderton, Frequency Curves and Correlation, (Cambridge University 
Press, 1953), 4th ed. 
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Figure 2. Reduction of data to R5 and ARS values. 
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Figure 3. Comparison of calculated and actual SIMS profiles. 
Electron concentration profile of a sample with lower 
dose implants is also inclued. 
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TABLE 1. CALCULATED MULTIPLE IMPLANT PARAMETERS FOR FLAT (H51, 
H52) AND HIGH-LOW (H53) PROFILES OF Si IN GaAs 
H51 and H52 

Energy (keV) Dose (cm ^) Energy (keV) Dose (cm 2) 
70 1.7x10!? 70 4.0x10!3 
12 12 

250 4.3x10 250 4.3x10 
600 6.5x10!? 600 6.5x10l? 
1000 7.0x1012 1000 7.0x10!2 


The corresponding implantation data are shown in Table 2. A comparison of 
the calculated plot, the measured SIMS profile and carrier concentration 


profile is given in Fig. 4 for the flat profile, and Fig. 5 for the a'-n 


profile. 

TABLE 2. IMPLANT CONDITIONS FOR FLAT (AT 1.5x101' cm 7) AND 
HIGH-LOW PROFILES OF Si IN GaAs 

H51 and H52 
Energy (keV) 70 250 600 1000 
jA (ca?) 1.7x10!2  4.3x10!2 6.5x1012 7.0x1012 
Dose No. 32.1 27.4 19.3 20.9 
Scale 2210 7 6x107” 6x10 7 6x10 7 
H53 
Energy (keV) 70 250 600 1000 
t (cm 2) 4.0x10}3 4.3x10!? 6.5x19!? 7.0x1022 
Dose No. 25.8 27.4 19.3 20.9 
Scale 6x10 f 6x10 7 6x10 7 6x10 7 


2 2 


Area 2 24.19 cm 


(Labs machine) 


Area 2 11.40 cm 
(FEC machine) 


The agreement among the three profiles in Fig. 4 is reasonabiv good. 


The abrupt decrease in carrier concentration at the tail end of the profile, as 


compared to the calculated and the SIMS profiles, is believed related to the 
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Figure 4. Multiple-implant profiles of H51: SIMS, carrier 
concentration, and calculated. 


low activation at low dose levels. The dip in the profile around 0.4 um below 
the surface is a result of approaching the limit of the two implant machines 
used (one €300 keV, one 2500 keV). These comments are also applicable to 

Fig. 5; the greater discrepancy in Fig. 5 between the carrier concentration 
profile and the calculated and SIMS profiles may be related to the higher 


2 cm”) for the ni implant. Higher implant dose results 


implant dose (4x10! 
in greater chromium redistribution in the SI substrate after thermal annealing; 
therefore, it may cause anomalous behavior in electrical activation. Chromium 
redistribution will be discussed in Section IV. 

The carrier concentration and the Hall mobility profiles in multiple- 
implanted thermally annealed GaAs samples were also measured using differential 
van der Pauw measurement. Figure 6 shows the measured results on sample H51, 
the 'l-um-deep implanted sample described above. The carrier concentration 
profile agrees well with that determined from the differential C-V measurement 
(Fig. 4). The mobility profile shows an average value between 4000 and 5000 
cm? /V-s. 

Figure 7 shows the carrier concentration and mobility profiles of a 1- 
MeV, 1x10? cm ? Si-implanted capless annealed GaAs sample (H37). The carrier 
concentration profile is composed of both the van der Pauw and the differential 


C-V measurements. It is interesting to note the high mobility (v - 4520 
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Figure 5. High-low dose multiple-implant profiles: SIMS, carrier 
concentration, and calculated. 
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Figure 6. Carrier concentration and mobility profiles 
of sample H51. 


cm^/V-s) associated with this implanted sample. In particular, the mobility 


is maintained at a high level of *5000 cm^/V-s as the doping density decreases 


16 . -3 


to ~10 cm" toward the sample surface. This result was not observed in 
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Figure 7. Carrier concentration and mobilitv profiles of 
sample H37. 


2 cn 2), low-energy (*200 keV) implantation experiments. We 


low-dose (<3x10! 
speculate that this result may be related to the chromium redistribution in 
the SI GaAs substrate following implantation and annealing. As shown in 
Section IV, the chromium distribution depends on the amount of implant dose. 
In sample H37 (1 MeV, 1x10? cm 2), the chromium was depleted from 5x1010 cm? 
to 42-3x106 cm ? in the surface layer following thermal annealing. The low 
chromium concentration could reduce compensation and allow low dose activation 
with higher mobility. Related experimental results will be described later in 
this section. 

The electrical properties of high-energy implanted and capless annealed 
(825°C, 20 min) samples were evaluated using van der Pauw measurements [6]. 


The mobilities, carrier concentrations, and activation efficiencies of a 


6. L. J. van der Pauw, "A Method of Measuring Specific Resistivity and Hall 
Effect of Discs of Arbitrary Shape," Philips Res. Rep. 13, 1 (1958). 











number of wafers are shown in Table 3. The top five wafers (H51, H52, H53, 
H62 and H63) listed were multiple implanted, each receiving four implants to 
produce l-um-thick layers. The carrier concentration values listed were 
averaged over the l-jum n-layer. Note the high mobilities and electrical 


activations obtained in the l-jum layers with ^2x10!7 cm? constant doping 


level. 


TABLE 3. ELECTRICAL CHARACTERISTICS OF HIGH-ENERGY 
IMPLANTED THERMALLY ANNEALED GaAs SAMPLES 


A. Multiple Implants 


Implant Implant Carrier Average Activation 
Wafer Energy Dose Concentration Mobility Efficiency 
No. (keV) (cn?) Nm (cm ?) (cm^/V-s) C) —— 
H51 70-1000 1.7-7x10!? 1.57x101' 4450 81 
H52 70-1000 1.7-7x10.? — 2.09x1017 3990 107 
H53 70-1000 40-7x10!2 (n'-n) 3050 43 
H62 80-900 1.6-7.2x10!2.— 1.96x19!7 3850 104 
H63 80-900 1.6-7.2x1012.— 1.85x10! 3960 98 


B. Single Implants 


H36 1000 1.5x10}3 1.6x101/ 4720 53 
H37 1000 1.0x10!3 2.0x10!7 4530 100 
H38 1000 1x10? 1.26x10!? 1830 6.3 
H39 1000 3x10? 7 14x10!" 2120 1.2 
H50 600 3x105 7.76x1017 1880 1.2 


The implant parameters for wafers H51, H52, and H53 were shown previously 
in Table 1, and the implant parameters and conditions for wafers H62 and H63 
are shown in Tables 4 and 5, respectively; the corresponding calculated Si 
distribution and measured carrier concentration and mobility profiles of H62 
are shown in Fig. 8. Carrier concentration profiles measured using both 
differential C-V and van der Pauw measurements are included. These last two 
wafers (H62 and H63) used implant energies for a better approximation of a 


ml-um flat profile. This was made possible by operating the Van de Graaff 








TABLE 4. 


TABLE 5. 


Energv (keV) 
-2 

Nose (em ^) 

Dose No. 


Scale 


machine at lower energies. 


the Van de Graaff machine at energies as low as 300 keV. 


CALCULATED MULTIPLE IMPLANT PARAMETERS FOR FLAT 
PROFILES OF Si IN GaAs (WAFERS H62 AND H63) 


Energy (keV) Dose (cm 2) 
80 1.6x10!? 
265 4.3x10l? 
500 5 .8x10!2 
900 7.2x10!2 


IMPLANT CONDITIONS FOR WAFERS H62 AND H63 


80 265 500 900 
1.6x10! 4.3x101? — s.giol?  7.2x10!? 
31.0 27.7 20.2 25.1 
2210 7 6x10 7 éx1077 6x10 7 
Area 2 24.19 om? Area = 13.07 om? 


Test runs of Si implant in GaAs were made using 


This would eliminate 


the dip in the implant profiles encountered previously; it occurred as a result 


of lacking energy source in the 300- to 500-keV range due to limitations of the 


two implanters used. 


The five wafers (H36-H39, H50) listed in Table 3-B were single-dose 


implanted at 1000 and 600 keV, respectively. 


The carrier concentrations for 


single-implanted samples were calculated from 


Na = N./A2nAR, 


where N is the measured sheet carrier concentration, and AR is the straggle 
determined from SIMS profiling (Fig. 2); the AR 'S are 0.2 ym at 1000 keV and 


s 0.18 pm at 600 keV. 


Single and multiple implantation studies were also carried out at im- 


H plant energies below 300 keV for optimization of doping profiles of the 


implanted n-lavers for device (FETs) fabrication, and also for characterization 
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Figure 8. Multiple-implant profiles of H62: calculated 
and measured. Mobility profile also included. 


of SI GaAs substrates (purchased from different vendors). High-performance 
power FETs operating up to 26 GHz were fabricated (in a concurrent program) 
from a GaAs wafer made by double Si implantation into SI GaAs substrates fol- 
lowed by capless thermal annealing. Power output of *220 mW at 15 GHz was 
obtained from a single cell (600-um gate width) with corresponding gain of 6 
dB and power-added efficiency of 27%. The power output and efficiency at 

26 GHz are 60 mW and 5%, respectively. 

The electron density profiles of representative double Si-implanted 
thermally annealed samples are shown in Figs. 9 and 10. The profiles were 
measured by differential C-V technique combined with controlled chemical etch- 
ing [1]. The wafers were capless annealed under arsenic overpressure at 825°C 
for 20 min. 

Wafers C77 and C77F, shown in Fig. 10, are identical, except that during 
annealing two pieces of wafers marked C77F were placed face-to-face on a 
carrier in the open quartz tube, while wafer C77 was placed face-up in the 


normal way on a carrier in the same open quartz tube. The wafers annealed 


14 


















753 À STRIPPED 


UNETCHED 
1253 À STRIPPED 


7 
i SAMPLE C44 
5 MOBILITY 
'e 3450cm? / V-s 
- 
z 
i $ 
P H 
H « 
T c 
t l 
Ni z 
i I 
I z 
i e 
fi o 
e 
u 
& 10 
«4 
o 
10> 
o 01 02 03 0.4 6.5 0.6 


X (um) 


Figure 9. Electron densitv profile of double-implanted GaAs sample CA4. 
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Figure 10. Electron densitv profiles of doubie-implanted GaAs 
samples. C77F is "face-to-face" annealed. 
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under face-to-face conditions showed lower mobilitv and activation efficiencv, 
as indicated in Fig. 10. The measured peak carrier concentration densitv is 
1.6x10! cm 7 for wafer C77F, and 2.0x101' cm? 


activation and mobilitv in the face-to-face annealed wafer indicate that the 


for wafer C77. The lower 


arsenic overpressure svstem which we used for thermal annealing is superior. 
It has been reported in the literature that face-to-face annealing has 


resulted in good qualitv n-lavers. 


E. CAPLESS ANNEALING 


Our previous work on capless annealing of implanted GaAs under arsenic 
overpressure was carried out at 800 to 850°C. Studies were continued on 
annealing Si-implanted GaAs under different temperatures keeping arsenic 
overpressure almost constant. The arsenic partial pressure [7] was controlled 
by varying the flow rate of the AsH,/H, mixture passing through the annealing 
furnace. > 

In the initial experiment, three samples implanted at 200 keV with dif- 
terent doses (2.521015, 2.5x10!^, and 3x10]? cm 2) were annealed at 900°C. 

The results are shown in Fig. 11, which also includes our previous work on 
thermal and laser annealing (1979 Annual Report, Fig. 37). Figure 11 shows 
that the 900?C capless annealing gives rise to electrical activations higher 
than those of 825?C capless annealed. The measured mobilities of the three 
900°C annealed samples were 3030, 1900, and 1740 cm?/V-s, in the order of 
increasing carrier concentration. The corresponding compensation factors are 
1.1, 1.8, and 1.9, respectively. 

Table 6 lists the electrical properties of multiple-implanted samples which 
were capless annealed under different conditions. The multiple-implant con- 


ditions of each wafer are listed in the second column. Note that in high-dose 





implanted wafers (C71, C72), the sheet resistance of a sample annealed at 
900°C is about 60 0/0, which is half that annealed at 825°C. In low-dose 
implanted wafers (H58, H59), the sheet resistance does not change significantly 
at these two temperatures. An increase of 50% in arsenic overpressure at 900°C 
reduces the sheet resistance about 8% in the low-dose multiple-implanted sample 


under this high arsenic overpressure condition. 


7. J. R. Arthur, "Vapor Pressures and Phase Equilibria in the GaAs System," 
J. Phys. Chem. Solids 28, 2257 (1967). 
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Figure 11. Sheet electron concentration as a function of dose for 
ruby-laser and thermal-annealed samples. 


Further profiling measurements show that the lower sheet resistance is 
due to the higher carrier concentration in 900°C annealed samples. The depths 
of the n-layers and the mobilities were approximately the same for both the 
low (825°C) and high (900°C) temperature annealed samples. These results are 
indicated in Figs. 12 and 13, which show the electron concentration and mobility 
profiles of wafer C71 annealed at 825°C and 900°C, respectively. 
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F. CO-IMPLANT OF 7°si AND ??s IN GaAs 


Co-implant of ŻĊSi and ??s at 200 keV into SI GaAs in an attempt to 


fabricate a high-quality n-layer was investigated. The idea is that while the 
325 of column VI occupies the As lattice sites, the amphoteric Si is more 
readily located in the Ga sites as dopants and hence enhances electrical 
activation which should result in high-quality doped layers. 

Preliminary experiments have shown some encouraging results. First, the 


electron density profile of a wafer co-implanted with 285i and 32 


S at a single 
energy shows a broader peak similar to dual-energy silicon-implanted GaAs. 
Second, higher activation efficiency and mobility were measured after the co- 
implanted wafer was annealed at a higher temperature; this is not observed 


normally in Si-implanted GaAs at similar low-dose levels. 
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TABLE 6. ELECTRICAL PROPERTIES OF SI IMPLANTS CAPLESS 
ANNEALED UNDER DIFFERENT CONDITIONS 





Implant AsH, Sheet 
Sample Conditions Temp. Time Pressure* Mobility Resistance 
No. cw? keV = (°C) (min) (Torr) u(cm2/V-s) Rs (9/0) 
c70 2x10! 250 825 20 2.0 1760 94 
1x10! 70 900 15 21.3 1690 74 
cn 3x10? 200 825 20 2.0 1650 125 
1x10? 70 900 15 21.3 1690 59 
C72 1x10? 200 825 20 2.0 1790 124 
5xio!^ 79 900 15 21.3 1540 55 
EET 
7.2x10!? 900 825 20 2.0 3860 75 
5.8x10!? 500 900 15 21.3 3720 77 
H58 4.3x101? 265 900 15 31.9 3760 72 
1.6x10!? 80 
7.2x101Ż 900 825 20 2.0 3510 71 
5.8x10l? 500 900 15 . 21.3 3880 n 
H59 4.3x101? 265 900 15 31.9 3870 74 
1.6x101? — 80 


*Actual AsH, partial pressure. Since the equilibrium partial pressure 
of As over GaAs is an order of magnitude higher at 900°C than at 825°C, 
the overpressure is almost constant. 


The experiments were performed by co-implant of Rsi and 3 into SI GaAs 


28 


substrate at an energy of 200 keV. The implanted doses for ' Si and 325 were 


4.5x10}? cm ? and 2.3x10!? cn ?, respectively. Figure 14 shows the electron 
density profiles of the co-implanted sample annealed at 825°C for 20 min and 
900°C for 15 min. The activation efficiency increased from 63.2 to 83.8% and 
the mobility increased from 3490 to 3910 cm2/V-s as the annealing temperature 


is increased from 825°C to 900°C. The AsH, flow rate is increased more than 
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Figure 12. Carrier concentration and mobilitv profiles i 

of C71 annealed at 8250C. 
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of C71 annealed at 900?C. 





ten times [7] for capless annealing at 900°C to maintain a constant arsenic 
overpressure the same as that at 825?C. Electron density profiles of Si- 
implanted and S-implanted GaAs samples which are thermally annealed at 825°C 
are also included in Fig. 14 as references; both are implanted at 200 keV with 
doses of 3.5x10!2 ea for Si and 4.5x10!* om”? for S implant. The correspond- 
ing mobilities are 3060 and 3900 cm'/V-8, respectivelv. Note that the implant 
energies are the same, but the doses do not equal those in the co-implanted 
sample. The profiles are included to show the shape of each electron densitv 


distribution. 
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Figure 14. Electron densitv profiles of co-implanted (28si and 325) 
GaAs annealed at 825 and 900°C, respectively. Individual 
implants annealed at 825°C are also shown. 


The Si implant has a near Gaussian electron density profile indicating a 
very small thermal diffusion coefficient which has been determined previously 
[1,2] to be «10^ P 
increases toward the surface and is considerably deviated from Gaussian. The 


cm'/s. The S implant has an electron densitv profile which 
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electron densitv profiles of the co-implanted wafer show a broader peak with 
higher activation and mobility when annealed at higher temperature. These 
results are encouraging from a device point of view. The mechanisms are not 


fully understood. Investigations will be continued. 


G. Si IMPLANTATION INTO Ar-IMPLANTED SI GaAs SUBSTRATES - IMPROVEMENT 

OF LOW-DOSE THRESHOLD 

Implantation of Si into SI GaAs substrates exhibits a low dose threshold 
[1,2]; below that threshold, the implanted layer either shows no electrical 
activation or shows activation with very poor mobility after the implanted 
wafer is thermally annealed. The dose threshold depends on the substrate 


-2 


material and is typically ^1-2x10!? cm ^ at an implant energy of 200 keV [1,2] 


which corresponds to an impurity concentration peak of 


M = TAR x L-8x1010em77 

This concentration value is of the same magnitude of the Cr concentration 
in most Cr-doped semi-insulating material used. It is therefore suspected 
that the amount of Cr concentration or other impurities that are present in 
the substrate mav be related to the dose threshold. 

To find out more about the dose threshold dependence, if anv, on the 
chromium contents of the SI GaAs substrate, investigations were made using 
substrates with different amounts of Cr content. Since Ar implantation in 
GaAs substrates followed bv annealing can redistribute Cr in the substrates 
without activating the SI GaAs, and since the amount of Cr redistribution is 
dependent on the doses implanted (details in Section IV), we have therefore 
used these Ar-treated substrates to investigate the dependence of threshold 
dose of donor (e.g., Si) upon Cr concentration. Preliminary experiments have 
shown extremely interesting results. 

Low dose (2x10? cn ?, 200 keV) Si implantations were made into five 
Ar-implanted, capless-annealed (825°C, 20 min) SI GaAs samples which were cut 
from the same SI GaAs substrate. The (100) Cr-doped substrate has a normal 


low dose threshold of 2x10! em. The fluences of Ar implants varied between 


sxiol? cm ^ and wig cm ^, and the implantations were made at 750 keV using 
the Van de Graaff machine. High energy is used to effect the Cr redistribution 


to a greater depth. 
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A a a t e ay 


After capless annealing, three of the Si-implanted samples were activated 
with mobilities of greater than 4000 cm^/V-s, as shown in Table 7. The other 
15 . 72 ; 
cm ^) did 
not activate. Instead, a conductive layer, which is an indication of conversion, 


was measured on the surface of one of the wafers (1x10? ca ^ implanted). 


two samples, which received high-dose Ar implants (1x10l^ and 1x10 


Figures 15, 16, and 17 show the electron density profiles measured by differential 
C-V on these three electrically activated samples. Each profile shows a 
normal near-Gaussian distribution with electron density peaks at 6-8x1010 a 


and becomes lower toward the surface. 


TABLE 7. LOW DOSE (2x10!? cm 2, 200 keV) Si IMPLANT 
INTO Ar-TREATED SI GaAs SUBSTRATES 


Ar Dose (cm 2) Mobility Activation 
Sample at 750 keV __ (cm^/V-s) 7 (8) 
R5 5x101? 4410 67.4 
R6 1x10)? 4010 74.5 
R7 5x10? 4080 41.0 


The activation of low-dose Si implant in this experiment appears related 
to the Cr concentration in the Ar-treated substrates. The sample R7, for 
example, which showed low-dose activation with good mobility and electron 


density profile, had a reduction in Cr concentration to «1016 o^ 


at a depth 
of *0.4 um near the sample surface. Sample R9, which did not activate, had a 
Cr peak below the surface to a depth of ^1000 f, followed by a broad depletion 


of Cr down to ~a3x1015 cn. 


The large amount of chromium depletion is believed 
to cause the thermal conversion, that is, the presence of a conductive layer 

on the surface after thermal annealing; because the reduced chromium concentra- 
tion fails to compensate the background impurities in the substrate. The 


chromium redistribution profiles will be presented in Section IV. 
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Figure 15. Electron density profile of R5. 
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Figure 16. Electron densitv profile of R6. 
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Figure 17. Electron density profile of R7. 


24 


- 
DIEPPE l-I 


SECTION ITI 


LASER AND ELECTRON BEAM ANNEALING 


A. INTRODUCTION 


We have previously investigated annealing of Si-implanted SI GaAs using 
pulsed Nd:Glass [8] and ruby lasers [9]. During this reporting period, laser 
annealing studies were extended to MeV-implanted GaAs. Sources other than 
Nd:Glass and ruby lasers were included in the annealing experiments. Other 
annealing sources being investigated were: a scan pulsed laser beam, a pulsed 
electron beam, and a pulsed dual-frequency laser beam. 

In this section we will describe the electrical properties and surface 
morphologies of laser (or electron beam) irradiated GaAs. Preliminary results 
on crystallinity of laser (or electron beam) irradiated GaAs will also be 


described. 


B. ANNEALING Si-IMPLANTED GaAs USING LASER-BEAM IRRADIATION 


Q-Switched Ruby Laser 


The semi-insulating [100] GaAs substrates were implanted with Si at 


energies between 70 and 200 keV and fluences between 1x10!4 and 121010 ca *. 


The implanted wafers were cleaved into samples 0.5 to 2 cul, and annealing 


experiments were carried out with single laser-beam pulses in air with no 
encapsulation on the samples. The Q-switched rubv laser was operated with an 
output energv densitv of between 0.2 and 2.3 J/cm? per pulse (30 ns FWHM). 
The laser beam irradiates an area of approximately 10 cm? after passing through 
a lens. The energy density of the laser output pulse was measured with a 
calibrated (+5%) ballistic thermopile. 

Tables 8 and 9 summarize electrical properties of 200 keV and 70 keV 
Si-implanted ruby-laser-irradiated GaAs compared with similar samples annealed 
thermally. These data were obtained from van der Pauw measurements and were 


tabulated in terms of sheet resistance Po» mobility p, and activation efficiency 


8. S. G. Liu, C. P. Wu and C. W. Magee, "Annealing of Ion-Implanted GaAs 
with Nd:Glass Laser," AIP Conference Proceedings, No. 50, 603 (1978). 
S. G. Liu, C. P. Wu and C. W. Magee, "Annealing of Ion-Implanted GaAs 
with a Pulsed Ruby Laser," Symposium Proceedings on Laser and Electron 
Beam Processing of Materials, Academic Press, 341 (1980). 
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TABLE 8. ELECTRICAL PROPERTIES OF 200-keV Si-IMPLANTED 
RUBY-LASER-IRRADIATED GaAs 


Si Implantation Ruby Laser Annealing Thermal Annealing 
Energy Doss E, p oH n p ?H n 
(keV) — (cm ^) (J/cm) (Qo) (cm'/V-s) (%) —— (Qn) (em'/V-s) (3) 
200 1x101, 2.3 104 1300 — 46.3 

200 1x10; 1.7 91 1350 — 51.0 132 2200 21.5 
200 1x10 0.6 . 1600 454 8.6 

200 5x101, 2.3 27 1030 — 45.5 

200 5x10,; 1.7 27 830 55.6 112 1738 6.4 
200 5x10 1.0 320 280 14.0 

200 32101, 2.3 27 370 20.8 

200 321012 1.8 31 355 18.9 130 1938 0.8 
200 3x10 1.0 57 250 — 14.5 


TABLE 9. ELECTRICAL PROPERTIES OF 70-keV Si-IMPLANTED 
RUBY-LASER-IRRADIATED GaAs 





Si Implantation Ruby Laser Annealing Thermal Annealing 
Energy Doss E p oH n p y n 
(keV) — (cm ^) (Q/cm^-) (Qo) (cm'/V-s) (8) (aĵo)  (em^/V-s) (2) 
70 1x1072 2.3 39 693 23.0 
70 1x10,3 1.7 29 745 29.4 170 1712 293 
70 1x10 0.8 156 314 12.8 
70 32101, 2.3 24 564 15.1 
70 3x10 1.7 29 496 14.6 
70 32101) 1.3 52 300 13.3 ka 1987 eg 
70 3x10 0.8 148 172 8.2 
70 1x1016 2.3 21 481 6.3 
70 1x10 1.3 93 210 3.2 90 1727 0.4 


n, which is defined as the ratio of the electrically activated sheet carrier 
concentration N to the implanted fluence. The thermal annealing was carried 
out under arsenic overpressure at 825°C for 20 minutes. The higher activation 
efficiency of 200-keV implants rather than that of 70-keV implants at a given 
fluence is believed due to the lower atomic Si concentration associated with 


the broader straggle of 200-keV implants. 








Tables 8 and 9 show that the activation efficiencv and hence the sheet 


carrier concentration is considerablv higher in laser-irradiated samples than 


it is in thermallv annealed samples. The mobilitv of laser-irradiated GaAs, 
however, is lower than that of thermallv annealed samples, even taking into 
consideration the expected lower mobilitv as a result of higher carrier densitv. 
The net effect of a much higher activation and a lower mobilitv results in a 
lower sheet resistance in high-energv laser-irradiated GaAs as shown in Tables 

8 and 9. 

The atomic profiles of high-dose implanted laser-irradiated GaAs were 
isvestigated previously. The amount of impurity profile broadening depends on 
the energy density of the laser beam. A substantial broadening was observed 
in samples irradiated with a high energy density beam. The SIMS profile of a 
1 J/cm? pulsed ruby laser irradiated GaAs (3x10!5 cn, 200 keV implanted) 
shows no significant broadening as compared with profiles of the as-implanted 
and the thermally annealed samples (Fig. 18). The same sample, however, has 
shown high electrical activation (Table 8). This result indicates that under 
proper conditions, Si-implanted GaAs can be electrically activated using a 
pulsed laser beam without melting the implanted layer. Rapid diffusion in a 
liquid state has heen regarded [10] as the cause for substantial impurity 


profile broadening observed in ion-implanted laser-annealed silicon. 


2. Q-Switched Nd:Glass Laser 


The photon energy of the Nd:Glass laser of 1.17 eV (A = 1.06 um) is lower 
than the bandgap of GaAs (1.4 eV at 300 K). The optical absorption at 1.06 ym 
is therefore dependent upon the amount of impurities and lattice defects 
produced by implantation. The Nd:Glass laser may therefore be suitable for 
deep impurity distribution such as that which is produced by MeV Si implantation 
in GaAs. 

Annealing of high-energy (>600 keV) Si-implanted GaAs wafers was in- 
vestigated using a high-power pulsed Nd:Glass laser. The electrical charac- 
teristics were evaluated using van der Pauw measurements. The results are 
tabulated in Table 10. Two samples were single-energy implanted and two were 
multiple implanted. The multiple-implanted samples (N6A, N6B) were implanted 


using five energies hetween 40 and 900 keV with corresponding fluences between 


10. J. C. Wang, R. F. Wood and P. P. Pronko, "Theoretical Analysis of Thermal 
and Mass Transport in Ton-Implanted Laser-Annealed Silicon," Appl. Phys. 
Lett. 33, 445 (1978). 
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SIMS profiles showing Si-implanted GaAs which are (i) 


as-implanted, (ii) 1.u J/cm? and ruby-laser irradiated, 


Figure 18. 
and 
TABLE 10. 

Impl. 
Sample No. Energv 
(Implant No.) (keV). 
N7 (H7) 600 
N8(H8) 700 
40 to 

N6A(H24) 900 
40 to 

N6B(H24) 900 





(iii) thermal annealed. 


ELECTRICAL PROPERTIES OF HIGH-ENERGY Si- 
IMPLANTED Nd:GLASS-LASER-IRRADIATED GaAs 


Impl. Laser 

Dose Energy N p 
(cem 7) (I/eml) (en?) (cm^/V-s) 
2.52x10!9 1.5 7.88x101 734 
2.70x10P 1.5 2.23x10!^ — 1027 
1.41x10!4 

to 

1.30x10!5 1.5 — 7.14x10!4 — 488 
1.41x10)4 

to 

1.30x10!? 1.2 3.58x10!^ — — 464 
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17.9 22.0 


37.6 11.0 








14 15 


and 1.30x10 ON and were designed to produce a uniform l-um 
silicon concentration of 1/3x102° m`’. 


1.41x10 
The fact that high-energv implanted 
samples can be activated with the irradiation of an Nd:Glass laser is encour- 
aging. . 
Figures 19 and 20 show the depth distribution of carrier density and 
mobility of the multiple-implanted samples, N6A and N6B, respectively. The 
samples were evaluated using differential van der Pauw measurements. The 
measurements show that the carrier density reached ^2x10!? (N6A) and ^9x1018 
(N6B) at i-um depth below the sample surface. The corresponding mobilities 
were ~300 cm^/V-s. Much lower carrier concentrations with higher mobilities 
were measured toward the sample surface. The significance of the depth profile 
of carrier concentrations and mobilities is that pulsed Nd:Glass laser beams 
can be used to activate l-yum-deep MeV implanted GaAs. The lower carrier 
concentration at the sample surface may be related to (i) the lower dose at 
the low energy end of the multiple implants and (ii) the decrease in carrier 
concentration in laser-irradiated GaAs following a subsequent thermal treatment 
[11]. Ohmic contacts for differential van der Pauw measurements were formed 
at an elevated temperature of 450°C for 1 min. The carrier concentration can 
decrease substantially at sample surfaces (11] when high-dose implanted laser- 
irradiated GaAs is subsequently thermally treated at this temperature. The 
electron density profiles of laser-irradiated implants will be further studied 
to clarify the possible discrepancies in the measured electron density profiles 


due to low-temperature thermal treatment. 


3. Q-Switched Nd:Glass with Frequency Doubler 


Annealing of high-dose implanted GaAs samples was studied using a double- 
frequency laser beam (Nd:Glass laser, A=1.06 um, with a doubler, À20.53 pm). 
The output power of the doubler is 15% of the total power. The samples 
irradiated with double-frequency laser beam show good surface morphology at 
irradiated energy densities of 0.9 to 1.2 J/cm^. Nonalloyed ohmic contacts 
with Ti/Pt/Au metallization were successfully made onto the double-frequency 
laser-irradiated surface. Table 11 shows the electrical properties measured by 
van der Pauw measurements on samples implanted with different doses and irradi- 


ated with laser beams at different energy densities. 
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Figure 19. Depth distribution of carrier concentration and mobility, 
of multiple-implanted GaAs; laser irradiated at 1.5 J/cm’. 


C. ANNEALING Si-IMPLANTED GaAs USING ELECTRON BEAM OR SCAN PULSED LASER BEAM 


Annealing of implanted GaAs samples was studied using sources other than 
single-pulse high-power Q-switched lasers. The annealing systems being studied 
were: (1) a scan pulsed laser with a wavelength of 0.53 pm and (2) a pulsed 
electron beam system. Annealing experiments with the 0.53-um laser were per- 
formed using the Quantronix Corporation (Smithtown, NY) Model 610 Epitherm 
which is a Q-switched Nd:YAG laser with a second harmonic generator. The 
laser pulse width is 100 ns, repetition rate is 7 kHz, and beam spot size 
is ^5 mil in diameter. The pulsed electron beam experiments were carried out 
at Spire Corporation, Bedford, MA. The pulse width is 100 ns, and each sample 


is annealed with a single pulse. 
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' Figure 20. Depth distribution of carrier concentration and mobility, 
of multiple-implanted; GaAs laser irradiated at 1.2 J/cm’. 


Preliminary results on scan-laser experiments using an energy density of 
1.8 J/cm? were not very encouraging. All samples showed scan marks on the 
surface which may he an indication of dissociation at the surface. Probing 
the surface showed no activation except for one sample which has light scan- 


ning marks. After cleaning in HCl, that sample (3x10! cm’, 70 keV Si- 


implanted) showed a sheet carrier concentration of 9. 1x10)? cm, a mobility 
of 479 cm^/V-s, and a sheet resistance of 144 Q/D. A similar sample irradiated 
with a l-J/em- pulsed rubv laser had a sheet carrier concentration of 2.9x10^ 
cm ?, a mobility of 273 cm^/V-s, and a sheet resistance of 77 0/0. The ir- 


radiated layer was activated without requiring HC] treatment. 
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TABLE 11. ELECTRICAL PROPERTIES OF HIGH-DOSE Si-IMPLANTED 
GaAs IRRADIATED WITH DUAL-FREQUENCY LASER BEAM 











Implant Sheet 
Energy Dose Laser Energy Resistance Mobility Activation 
Sample (keV) Cem. ^) E(J/cm 2) R,(0/D) Ui (cm ^/V-s) n (2) 
200 — 3x10? 
L-16 1.2 24.8 403 15.6 
J0 aero! 
200 1x10? 
L-17 1.2 51.9 442 18.1 
70 5x10! ^ 
250 — 2x10! ^ 
L-15 1.0 373.0 504 11.0 
yo  ixi0'^ 


4 
200 — 4xio!* 

L-19 Ld 168.0 518 14.4 
50 1x104 


L-3 200 — 3x10? 0.88 144.0 247 5.9 


Results on samples annealed with pulsed electron beams were quite encour- 
aging. The electrical activation is comparable to that annealed with high- 
power pulsed laser heams. For example, a 3x10? cn ?, 200-keV Si-implanted 
GaAs sample following electron-beam annealing gave a sheet electron density of 


5.6x10!* a 


» a Sheet resistance of 45 9/0, a mobility of 246 cm^/V-s, and an 
activation efficiency of 18.7%. These results are comparable with similar 
samples irradiated with 1.2 J/cm? pulsed ruby laser. Nonalloyed ohmic contacts 
were formed by depositing either Ti/Pt/Au or AuGe/Ni/Au on electron-beam 
irradiated samples. 

SIMS profiles on a Si-implanted GaAs sample before and after electron-beam 
annealing are shown in Fig. 21. A slight redistribution in impurity density 


is detected. The sample was implanted at 200 keV with a fluence of 3x10? 


cm ^, and irradiated with a 100-ns pulse at 0.7 J/cm?, at 20 keV. 


32 











200 keV Si-- > GoAs 
io?! PoE a ro ee eer Tq ee ey a E 


— UNANNEALED (A82) 
eee E-BEAM ANNEALED 


So rae Seen 


(ot/cc) 


SILICON CONCENTRATION 





O 0.2 0.4 0.6 08 1.0 


DEPTH (um) 


Figure 21. Impurity profiles of Si-implanted GaAs sample,before 
and after electron beam annealing at 0.7 J/cm'. 


D. NONALLOVED OHMIC CONTACTS 


To form ohmic contacts on n-type GaAs, a thermal alloying step is normally 
required after the metal is deposited onto the GaAs surface. Metallizations 
4 conventionallv used are AuGe/Ni/Au, and alloving is normallv done at 400 to 
450°C for approximately 1 min. Nonalloved ohmic contacts on iride have been 
1 ceu) 


++ 
n -GaAs produced by molecular beam epitaxy (MBE) [12], or high fluence im- 


reported by evaporation of metal onto high concentration (>1x10 


plants irradiated hy electron [13] or laser [9] beams. Recent developments in 
ohmic contacts and their correlations with theory were discussed in a paper by 


Yoder [14]. 


12. P. A. Barnes and A. Y. Cho, "Nonalloyed Ohmic Contacts to n-GaAs by 
Molecular Beam Epitaxy," Appl. Phys. Lett. 33, 651 (1978). 

13. R. L. Mozzi, W. Fahian and F. J. Piekarcki, ''Nonalloved Ohmic Contacts to 
N-GaAs by Pulse Electron Beam-Annealed Selenium Implants," Appl. Phys. 
Lett. 35, 337 (1979). 

14. M. N. Yoder, "Ohmic Contacts in GaAs," Solid State Electronics 23, 117 


L (1980). 
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We have demonstrated nonalloyed ohmic contacts made by evaporation of 
AuGe or Ti-Pt-Au directly onto high-dose implanted high-power pulsed-laser or 
electron-beam-irradiated GaAs. The use of refractory metallization allows one 
to form ohmic contacts over n! regions, and Schottky contacts over n-regions, 
concurrently. This may be used to simplify device processing. Not all laser- 
irradiated GaAs samples are capable of forming nonalloyed ohmic contacts using 
both AuGe and Ti-Pt-Au metallizations. In a number of Si-implanted GaAs 
samples irradiated with pulsed ruby laser beams we only succeeded in making 
nonalloyed ohmic contacts with AuGe-based metallization [9]. This is illus- 
trated in Fig. 22, which shows l-V curves between as-evaporated Ti/Pt/Au and 
Au-Ge/Ni/Au contact pads on laser-irradiated GaAs, respectively. The reasons 
are not fully understood.  Nonalloyed ohmic contacts using Ti-Pt-Au metal- 


lization were made on high-dose implanted GaAs irradiated with dual-frequency 


laser beam. 





Figure 22. I-V curves between as-evaporated metal contacts (Top: 
Ti :Pt:Au/500:500:1000 R; Bottom: AuGe:Ni:Au/1500:500: 
2000 &) on Si-implanted laser-irradiated GaAs. 


Table 12 shows electrical performance of nonalloyed ohmic contacts using 
AuGe based (AuGe/Ni/Au or AuGe/Au) metallization. The sheet resistances, Po 
and contact resistivities, Po» were measured by Transmission Line Method (TLM) 


[15]. The measured resistivities of a number of samples were between 1x107? 


15. H. H. Berger, "Models for Contacts to Planar Device," Solid State Elec- 
tron. 15, 145 (1972). Also, J. Electrochem. Soc. 119, 507 (1972). 
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TABLE 12. PERFORMANCE OF NONALLOYED OHMIC CONTACTS USING 
AuGe-BASED METALLIZATION 


Si-Implant Energy Density 
Dose Energy (Ruby Laser) P 0. 
Sample (em 2) — (keV). (J/cm?) (0/0) 107° (Q-ca') 
9p 1x10? 70 0.8 ^50 ^2.6-6.3 
7D 3x10? 70 0.8 137-55 ^3.5-9.7 
104F 3x10? 70 1.0 95-69 ^0.3-3.7 


and 3x10 7 Q-cm^. The corresponding sheet resistance measured was between 50 
and 140 9/0. The thickness of the Au-Ge layer was 900 to 1500 &, and the 
thickness of the Au layer was 2500 R. The presence of the Ni layer (300 to 
500 &) did not appear to change the ohmic contact characteristics. Figure 23 
shows the Auger analysis (performed by J. H. Thomas of RCA Laboratories) of 
an AuGe/Ni/Au nonalloyed ohmic contact on GaAs; it shows little interaction 
between the Ni and other metal layers. It should be pointed out that the 

70 keV, high-dose implanted, ruby-laser-irradiated samples showed "hot spots" 
in some areas on the surface. The measurements were made on metal patterns 
located in regions free from hot spots. 

Table 13 shows electrical performance of nonalloyed ohmic contacts using 
Ti-Pt-Au metallization. The thickness of each metal layer was Ti, 500 8, Pt, 
500 R, and Au, 2500 R. The implanted surfaces were irradiated with a dual- 
frequency laser beam, the output from a Nd:Glass laser (A-1.06 um) plus that 
from a frequency doubler made from CD*A crystal. 

Sample L16, the multiple implanted dual-frequencv laser-beam-irradiated 
sample, appears to give the best combined nonalloyed ohmic contact performance 
among the samples tested: low sheet resistance, low contact resistivity and 
good surface morphology. Figures 24 and 25 show, respectively, Nomarski 
interference contrast micrographs of sample L16, before and after the evapora- 
tion of square Ti-Pt-Au metal patterns. The atomic profiles of L16 were mea- 
sured by SIMS. There is no significant profile broadening after the sample is 


irradiated with double-frequency laser beam at 1.2 J/m?. 
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Figure 23. Auger profile of unalloyed AuGe/Ni contacts on 


laser-annealed sample. 


TABLE 13. PERFORMANCE OF NONALLOYED OHMIC CONTACTS USING 
Ti-Pt-Au METALLIZATION 


Si-Implant Energy Density 
Dose Energy (Ruby Laser) p p 

-2 2 5 -6° 2 
(cm ) — (keV) — QG/cm) /— .(Q/n) 10 (Q-cm™) 
3x10P 200 0.88 109-80 39-148 
1x10}? 70 1.20 35-26 8.7-21 
3x10? 200 


E. SURFACE MORPHOLOGY AND CRYSTALLINITY 


In the study of laser annealing of Si-implanted GaAs and the formation of 
nonalloyed ohmic contacts on these samples, it is desirable to optimize implant 


parameters and anneal conditions to achíeve low sheet resistance, low contact 
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Figure 24. Nomarski inteyference contrast micrograph of sample 
Llb; 1.2 J/cm” double-frequency laser irradiated. 


FE 





Figure 25. Nomarski interference contrast micrograph of nonalloyed 
Ti-Pt-Au contact pads on laser irradiated sample L16. 
Magnification: 200X. 


resistivity, and good surface morphology. The surface morphology and crystal- 


linity of laser-irradiated GaAs implants were investigated using the scanning 


electron microscopy (SEM) and reflection high-energy electron diffraction 
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(RHEED) analyses*, respectively. Preliminarv results showed some correlations 


between the electrical activation, surface structures, and the crystallinity. 
Table 14 lists characteristics of Si-implanted GaAs irradiated with 
either a laser or an electron beam. The laser beams are either from a ruby 
laser (A=0.69 yum) or a Nd:Glass laser with a frequency doubler (A=1.06 and 
0.53 um). Both the laser and electron beam are pulse-operated, as described 
previously. The sheet resistances are obtained from van der Pauw measurements. 
The surface structures are referred to those measured using SEM or Nomarski 
interference contrast micrograph. Table 14 indicates the following correla- 


tions between the electrical activation, surface structures, and crystallinities: 


1. Under irradiation conditions where the implanted laver turns into 
single crvstal, the sheet resistance is low (24 to 57 9/0) and the 
SEM shows no structures on the surface [Figs. 26(a) and 26(b)], although 
the surface in some cases visually shows damaged regions or waviness 
[1]. 

2. Under irradiation conditions where the implanted layer turns poly- 
crystalline, the sheet resistance is high (&100 Q/D), and the SEM 
shows microstructures on the surface [Figs. 27(a) and 27(b)] although 
the surface visually (or viewed with the aid of a Nomarski inter- 


ference microscope) appears smooth. 


Table 14 also shows that nonalloyed ohmic contacts can be formed onto 
ion-implanted GaAs layers which become polycrystalline after laser or electron 
beam irradiation; this occurs when either the energy densities of the beams or 
the implanted impurity concentrations are low. These ohmic contacts will not 
be very practical because of the high sheet resistances of the non-single-crystal 
(or small grained) GaAs. Samples such as EB1 (electron-beam-irradiated) or 
L16 (dual-frequency laser-beam irradiated) shown in Table 14 are more suitable 
for nonalloyed ohmic contact applications. 

Some results on RHEED measurements showing the crystallographic informa- 
tion are given in Figs. 28(a), (b), and (c). Figure 28(a) shows the result of sample 
105F which was annealed using a 1.0 J/cm? pulsed ruby laser beam. The dif- 
fraction from the surface produces a strong, well-formed diffraction pattern 


of GaAs. The pattern indicates that the surface of the sample is a (100) 


*The RHEED analyses were made by J. T. McGinn, RCA Laboratories, Princeton, 
NJ. 
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TABLE 14. CHARACTERISTICS OF SI-IMPLANTED GaAs IRRADIATED 
BY PULSED LASER OR ELECTRON BEAM 


iii ku Żiedet il-każini di a Sii Bandu uzat zzid SE RE P S eR NI SMS TE SS PI TREE PU ILE A TIE T NE E or E INTE 


Si-Implant Laser or EB Sheet Surface 
Energy Dose Irradiation Resistance Structure 
Sample (keV) (cm ^) Crystallinity (J/cm?) — (2/0) (SEM 20K) 
L3* 200 3x10? Both poly and 0.88 J/cm? 144 yes** 
single crystal  (A=1.06& 
0.53 ym) 
105F 200 3x10? Single crystal 1.0 J/cm?) 57 -- 
(A=0.69 yum) 
73F 70 3x10!? ^ single crystal 2.3 J/cm? 24 not | 
(A20.69 jum) E 
x 15 : : 2 x 
7D* 70 3x10 Broad rings in- 0.8 J/cm 148 yes** 


dicating small (A=0.69 pm) 
grained GaAs 


EB1* 200 3x10!° Single crystal Elec. Begm 45 no** 
0.7 J/cm’, 
20 keV 

EB3* 100 1x10? "i Elec. Beam ced vesti 
0.7 J/cm? 
20 keV 

n L16* 200 3x10? - (A=1.06 $ 25 no** 
70 1x10" 0.53 um) 


*nonalloyed ohmic contact formed 
**surface visually smooth 


fsurface visually uneven 


plane. Figure 28(b) shows evidence for both poly- and single-crystalline GaAs 
within 100 À of the surface for sample L3, which was irradiated with a 0.88- 
Sica” dual-frequency laser beam (Nd:Glass plus frequency doubler). Figure 28c 


shows the diffraction pattern of single-crystal surface of an electron-beam- 


(rn! wr a ht es 


irradiated GaAs. The GaAs samples shown in Figs. 28(a), (b), and (c) were Si- 


implanted at 200 keV with fluences of 3x10? cm ?. a 








ao 





(a) 





(b) 


Figure 26. (a) SEM (10K, 45°) of Sample 73F; (b) SEM (20K, 50°) 
of sample EBI. 








(b) 


Figure 27. (a) SEM (20K, 557) of sample L3; (b) SEM (20K 55?) 
of sample EB3. 


41 








Figure 28. 


(b) 





(c) 
(a) RHEED analvsis of 105F, 1.0 J/cm? ruby-laser irradiated; 
(b) RHEED analysis of L3, 0.88 dica dual-frequency, laser 


irradiated; (c) RHEED analysis of EBT, 0.7 diem electron 
beam irradiated. 











SECTION IV 


CHROMIUM REDISTRIBUTION IN GaAs 


A. INTRODUCTION 


A number of recent publications [16-19] have reported diffusion or re- 
distribution of chromium in thermally annealed SI GaAs substrates with or 
without implanted impurities. We have studied the dependence of Cr redistri- 
bution on fluences [1,2] in thermally annealed SI GaAs substrates which were 
implanted with Si at energies of 200 and 600-1000 keV. Similar studies were 
made on AO rsimplanted and thermally annealed GaAs. The implant of 404, has 


28 


shown similar Cr-redistribution profiles as the “ Si implants. This indicates 


that Cr redistribution is caused mainly by implant damage and thermal treat- 
ment, because argon is neutral and has no other effect than introducing damage 
in the crystal. Argon-treated SI GaAs substrates have shown low dose activa- 
tion threshold with good mobility for subsequent silicon implantation, as 


described previously in Section III. 


B. CHROMIUM DISTRIBUTION IN Si-IMPLANTED GaAs DUE TO IMPLANT AND ANNEAL 


Chromium profiles of Si-implanted semi-insulating GaAs were investigated 


using SIMS measurements. The SIMS system at RCA is capable of detecting 
atomic chromium density of <5x10!° cn ?. 

Studies on the redistribution of Cr in the SI GaAs substrate due to the 
implantation and annealing operations indicate that the redistribution of Cr 


is a strong function of implant dose and the annealing method. 
Figures 29(a) and (b)* show, respectively, SIMS profiles of low dose (4x101? 


cm 7, 200 keV) Si implants before and after the wafers were capless-annealed 


16. A. M. Huber, G. Morillot and N. T. Linh, "Chromium Profiles in Semi- 
insulating GaAs after Annealing with a SiN, Encapsulant," Appl. Phys. 
Lett. 34, 858 (1979). 

17. R. G. Wilson, P. K. Vasuder, D. M. Jamba, C. A. Evans, Jr. and V. R. 
Deline, ''Chromium Concentrations, Depth Distributions and Diffusion 
Coefficient in Bulk and Epitaxial GaAs and in Si,'' Appl. Phvs. Lett. 
36, 215 (1980). 

18. J. Kasahara and N. Watanabe, "Redistribution of Cr in Capless-Annealed 
GaAs Under Arsenic Pressure," Jap. J. of Appl. Phys. 19, L151 (1980). 

19. C. A. Eyans, Jr. and V. R. Deline, "Redistribution of Cr During Anneal- 
ing of ^ Se-implanted GaAs," Appl. Phys. Lett. 35, 291 (1979). 


*SIMS profiles in Fig. 29 were measured by Charles Evans and Associates. 
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Figure 29. 
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(b) 


(a) SIMS profile of Cr concentration in low-dose, Si- 
implanted unannealed GaAs; (b) SIMS profile of Cr 
concentration in low-dose, Si-implanted capless- 
annealed GaAs. 
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under arsenic overpressure. The substrates were Cr-doped with (100) orientation 
and were grown bv Crvstal Specialities, Inc., Monrovia, CA. The background Cr 
concentration was ^5x1016 A After capless thermal annealing, a very 

slight depletion of Cr occurred toward the surface. This low implant dose 

level is typically used to obtain «10! en? carrier concentration for the 
active layers of microwave FETs. 

At a higher implant fluence level (e.g., 3x10l^ cn ^, 200 keV), the 
Cr-redistribution effect is enhanced. This is illustrated in Fig. 30 which 
shows (i) a pronounced Cr depletion below the surface to a depth of *1.5 ym, 
(ii) an accumulation of Cr at surface, and (iii) a small Cr peak at a depth 


approximately corresponding to the projected range of the Si implant. 
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Figure 30. SIMS profile of Cr concentration in Si-implanted 


(x10! ^ cm ^, 200 keV) capless-annealed GaAs. 


The fluence dependence of Cr redistribution can be observed more closely 
at higher implant energies because of the increased implant depth associated 
with high energy implant. Figures 31 and 32 show SIMS profiles of Cr redis- 
tribution in two capless-annealed wafers which were implanted at 1 MeV, with 
fluences of 1x1015, and 3x10? cm ?, respectively. The general behavior of Cr 
distribution in these wafers is similar to those implanted at 200 keV as have 
just been described: ma broad dose-dependent Cr depletion toward the surface, 
plus local Cr accumulations in the vicinity of depths io + AR and at the 


surface of the wafer. 
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Figure 31. SIMS profiles of 3r in low-dose 1-MeV 


Si-implanted, 
capless-annealed GaAs. 
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Figure 32. Cr-concentration profile of high-dose l-MeV Si-implanted 


capless-annealed GaAs; Si profile in arbitrary units is 
also shown. 
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Thus GaAs samples annealed without encapsulant under arsenic overpressure 
Show either depletion or accumulation of chromium at the surface, depending on 
the amount of implant doses: a slight depletion occurred for low-dose implant 
and an accumulation (to the mid «10!7 c d Cr concentration) occurred for 
high-dose implants. This result is different from samples annealed with 
encapsulant on the surface. Figure 33 shows the SIMS profile of a Si,N, 


cap-annealed (in N,) sample which was double-implanted with low doses of 





3.5x101Ż cm? at 200 keV, and 4x10l! cm ? at 70 keV. The profile shows a high 
(1018 cm?) 1500-f-deep Cr spike at the surface. 
10'8 
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Figure 33. SIMS profile of Cr concentration in low-dose Si-implanted 
GaAs thermally annealed with Si,N, encapsulant.  Correspond- 
ing electron density profile is also shown. 


The Cr redistribution in laser-irradiated high-dose Si-implanted GaAs has 


also been investigated. Figure 34 shows a 3x10? cm ?, 200 keV Si-implanted, 


15 en ?, 
600-keV Si implant irradiated with a 1.5-J/cm? pulsed Nd:Glass laser beam. 
The pulse width of the laser beam was 25 ns (FWHA). Note that the Cr redis- 


1.0 J/cm? pulsed rubv-laser-irradiated GaAs; Figure 35 shows a 2.5x10 


tribution in each case consists of a small amount of Cr depletion plus an 


17 . 73 


accumulation at the surface up to mid ~10 cm The Cr depletion is much 


less than thermally annealed GaAs implanted with similar dose levels (Fig. 32). 
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Figure 34. Chromium distribupion of Si-implanted (3x10? d» ^. 
200 keV) 1.0 J/cm” pulsed ruby-laser irradiated GaAs. 
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Figure 35. Cr-concentration profile of 600-keV Si-implanted 
laser-annealed GaAs. Si profile in arbitrary units 
is also shown. 
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i The measured sheet carrier concentration of 7.4x10! du ^ for the activated 
j n-layer of sample N7 (Fig. 35) after laser irradiation is higher than thermally 
: annealed control samples. 
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E C. CHROMIUM REDISTRIBUTION IN Ü Ar- IMPLANTED SI GaAs SUBSTRATES 


We have shown that the measured SIMS profiles on Si-implanted, thermally 


annealed SI GaAs show strong dependence of 320, redistribution on the amount 


of 28si dose. To shed more light on this effect, we implanted inert Mt ions 


ES c eundem RACHEL HUE 


into SI GaAs at high energies and studied the Cr-redistribution behavior in 
these samples. Measured SIMS profiles show characteristics similar to those 


observed in Si-implanted samples; namely, (1) it showed a constant Cr level 


— EC 


before the sample was thermally annealed, (2) a "double-valley" depletion of 
Cr existed in a layer near the surface after the sample was thermally annealed, 
and (3) the amount of Cr redistribution depended on the implant dose level. 
SIMS profiles of a 750 keV, 5x10} cn”? 


after thermal anneal, are shown in Fig. 36. An accumulation of chromium, 


Ar-implanted GaAs wafer, before and 


which approximately coincides with the projected range of the implant, exists 


in the Cr-depletion layer. 
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Figure 36. SIMS profile of Cr concentration in 40, r-implanted GaAs 


Sxiol ei a 750 keV) before and after capless anneal- 


ing (825°C, 20 min). 
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At a higher implant fluence the Cr depletion increases and broadens, and the 
Cr-accumulation peak tends to shift from the position of Ro toward the 
substrate; also the Cr accumulation is enhanced at the surface. This result 
is illustrated in Fig. 37, where the Cr profile of a 1x10P ċm Ar-implanted 
capless-annealed SI GaAs sample is shown. 
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Figure 37. SIMS profile of ''Ar-implanted (121019 cm 2, 750 keV) 
capless annealed (825°C, 20 min) GaAs. 


D. DISCUSSION 

The depletion of chromium in thermally annealed samples is believed to be 
a result of Cr diffusion [16-18] toward the surface. The very slight amount 
of depletion in low-dose implanted GaAs (Fig. 29b) is believed due to low 
implant damage and capless annealing under arsenic overpressure. The presence 
of a Cr spike in the profile to a depth 200 À from the surface is likely to be 
an artifact [16]. 

The Cr accumulation that extended to a deeper depth (v1000 R in Fig. 33) 
in Si-implanted GaAs annealed with Si,N, encapsulant is similar to what has 


been reported previously (16,19,20); it was interpreted [20] as strain-induced 


20. A. Lidow, J. F. Gibbons, T. Magee, and J. Peng, "Strain-Induced Gettering 
by the Thermal Expansion Mismatch Between the Encapsulant and the GaAs 
Crystals," J. Appl. Phys. 49, 5213 (1978). 





gettering caused bv thermal expansion mismatch between the encapsulant and the 
GaAs crystal. 

The extended magnitude and depth of Cr depletion in high-dose implanted 
capless-annealed GaAs (Figs. 30 and 32) is believed to be attributed to en- 


hanced diffusion. The Cr peaks near the surface and at depths close to A, 


AR, are believed to be a result of damage gettering [21]. Thus, it is 
speculated that the diffusion (damage enhanced) and the gettering processes 
during capless annealing are the causes of the Cr-distribution profiles ob- 
served. The reduced Cr-redistribution effect in medium-dose implanted GaAs 
(Fig. 31), and the fact that similar profiles were observed in Ar-implanted 
capless annealed GaAs (Figs. 36 and 37) further stresses the role of implant 


damage. 


21. C. O. Bozler, J. P. Donnelly, W. T. Lindley and R. A. Reynolds, "Impurity 
Gettering in Semi-insulating Gallium Arsenide Using Ion-implantation 
Damage," Appl. Phys. Lett. 2), 698 (1976). 








SECTION V 


SUMMARV 


This report described work performed under the contract during the past 


year on implantation and annealing studies in GaAs. The implantation of 


28 


Si was carried out at energies between 40 and 1200 keV. High-energy im- 


plantation of Mir up to 750 keV and its effect on chromium redistribution in 


GaAs substrates have also been investigated. Significant progress accomplished 


during this reporting period is summarized below. 





Uniformly doped l-um-deep n-layers having mobility of 4450 cu^/V-s 
at carrier concentrations of «2x10! 7 cm 3 were produced by multiple 
implantation and capless thermal annealing. 

Temperature-dependence studies of the capless-annealing process 
showed considerably higher electrical activation hence lower sheet 
resistance for high-dose implanted samples annealed at a higher 
temperature. No significant difference in activation in low-dose 
(«1039 


Chromium redistribution studies in thermally annealed Si implants 


cm 2) implanted samples. 


show a strong dependence of Cr redistribution on implant dose. 
Pulsed-laser-irradiated implants show much less Cr redistribution 
than thermally annealed GaAs. 

Preliminary studies on ut implanted GaAs showed similar Cr- 
redistribution effect as in the Si implants. Si implantations in 
properly Ar-treated samples showed low-dose activation with good 
mobility. 

Nonalloyed ohmic contacts were formed on laser-irradiated GaAs using 
Ti-Pt-Au metallization with good surface morphology. Double-fre- 
quency laser beam (A-1.06 and 0.53 ym) was used in the experiment. 
The crystallinity of laser- (or electron beam) irradiated Si-implanted 
GaAs was studied using reflection high-energy diffraction (RHEED) 
analysis. 

Preliminary studies on co-implant of 2855 and 32s into GaAs show 
higher mobility and activation when implants were annealed at a 


higher temperature. 








e Activation of l-MeV implanted GaAs with peak electron densitv over 


1x10]? ca ^ was demonstrated by using a high-power subbandgap Nd: 


Glass laser (A=1.06 um). 

e Finally, the success of producing high quality n-GaAs layers by 
direct implant of 285i into SI GaAs was demonstrated, in a con- 
current program, by fabrication of high-performance GaAs power FETs 
operating up to 26 GHz. 
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